3-acetylpyridine (3-AP) is a metabolic antagonist used in research to decrease levels of nicotinamide (niacinamide) in laboratory animals. The administration of 3-AP followed by nicotinamide to rats leads to the selective destruction of neurons in the medial inferior olive, resulting in a loss of climbing fibers innervating cerebellar Purkinje cells and a consequent ataxia manifest by alterations in both balance and gait. Although 3-AP has also been administered to mice to destroy neurons in the inferior olive, there are limited studies quantifying the consequent effects on balance, and no studies on gait. Further, the relationship between 3-AP-induced lesions of the inferior olive and behavior has not been elucidated. Because 3-AP continues to be used for experiments involving mice, this study characterized the effects of this toxin on both balance and gait, and on the neuronal integrity of several brain regions involved in motor coordination. Results indicate that C57BL/6 mice are less sensitive to the neurotoxic effects of 3-AP than rats, and a dose more than 6.5 times that used for rats produces deficits in both balance and gait comparable to those in rats. This dose led to a significant (p < 0.05) loss of NeuN(+) neurons in several subregions of the inferior olive including the rostral medial nucleus, dorsomedial cell column, ventrolateral protrusion, and cap of Kooy. Further, the number of NeuN(+) neurons in these subregions, with the exception of the dorsomedial cell column, was significantly (p < 0.05) related to rotorod performance, implicating their involvement in this behavior.
Introduction
3-acetylpyridine (3-AP), also known as methyl b-pyridyl ketone, is an analogue of nicotinic acid (niacin) containing a methyl group in place of the hydroxyl. When administered to rats, 3-AP functions as a metabolic antagonist, leading to decreased levels of nicotinamide (niacinamide) and consequent inhibition of NAD + -dependent reactions. Early studies investigating the effects of 3-AP in rats indicated that a single dose of 65 mg/kg, administered intraperitoneally (i.p.), led to a near total destruction of both the inferior olive and nucleus ambiguus, as well as lesions of the substantia nigra and dorsal raphe nucleus, and degenerating fibers in the solitary tracts (Desclin and Escubi, 1974; Sotelo et al., 1975) . However, when nicotinamide (300 mg/kg) was administered 3.5 h after administration of the toxin (70-75 mg/kg, i.p.), a greater than 90% loss of inferior olivary neurons (Rondi-Reig et al., 1997) , predominantly in the rostral medial accessory olive (Seoane et al., 2005; Wecker et al., 2013) , was apparent leaving the hippocampus intact (Rondi-Reig et al., 1997) and sparing other nuclei (Seoane et al., 2005) . Further, experiments demonstrated that nicotinamide could also protect rats from the lethality of 3-AP with an optimal survival rate when administered 3.5 h after the toxin (Jones et al., 1994) . Characterization of motor behavior following the administration of 70-75 mg/kg 3-AP (i.p.) followed at 3.5 h by 300 mg/kg nicotinamide (i.p.) demonstrated that rats exhibited impaired balance on both a stationary and rotating rod (Gasbarri et al., 2003; Rondi-Reig et al., 1997; Wecker et al., 2013) , and decreased velocity and distance moved in an open field (Wecker et al., 2013) . Further, animals exhibited an altered gait characterized by excess flexion and extension of the hindlimbs (Watanabe et al., 1997) , decreased stride length and increased stride width of both forelimbs and hindlimbs (Seoane et al., 2005; Wecker et al., 2013) , and increased stride frequency, braking duration, step and paw angle, with decreased stride, swing and propulsion durations and paw area (Lambert et al., 2014) . Thus, findings strongly support the idea that the toxin-induced degeneration of inferior olivary neurons, resulting in the loss of climbing fibers innervating cerebellar Purkinje cells in the rat Abbreviations: 3-AP, 3-acetylpyridine; i.p., intraperitoneal; PBS, phosphate buffered saline. (Hodgson et al., 2015) , underlies the motor incoordination observed in rats following 3-AP administration.
Although the effects of 3-AP have been well investigated in the rat, it is unclear whether similar effects are present in mice, the vertebrate species most commonly used for research. The earliest studies investigating the effects of 3-AP in mice reported that doses ranging from 114 to 450 mg/kg (i.p.) led to lesions in the hypothalamus, hippocampus, amygdala and inferior olive (Coggeshall and Maclean, 1958; Hicks, 1955; Montgomery and Christan, 1976) indicating that high doses of the toxin can lead to damage in multiple brain regions. Further, surviving mice had a 'highstepping' gait (Coggeshall and Maclean, 1958) , mild weakness of the hindlimbs (Montgomery and Christan, 1976) , decreased activity in the open field (Ozaki et al., 1983) , and difficulty coordinating movements (Ikeda et al., 1993) . Because the administration of 3-AP by itself led to non-selective changes in several brain regions, it was impossible to relate behaviors to neuronal integrity in a specific brain region until nicotinamide was administered after 3-AP to mice to restrict the lesion to the inferior olive (Caddy and Vozeh, 1997) , as had been done for rats. These investigators reported that the administration of 3-AP (200 mg/kg, i.p.) followed by nicotinamide (300 mg/kg, i.p.) at 3 h led to the selective degeneration of inferior olivary neurons in Lurcher mutant mice, but wild-type mice were unaffected; unfortunately, motor behavior was not assessed. Similarly, the administration of 3-AP (75 mg/kg, i.p.) followed by harmaline (15 mg/kg, i.p.) to increase neuronal firing, and nicotinamide (300 mg/kg, i.p.) to C57BL/6 mice led to neuronal depletion throughout the rostrocaudal inferior olive (Zhang et al., 2003) , and the administration of the toxin (500 mg/kg, i.p.) followed by nicotinamide (500 mg/kg, i.p.) at 3 h led to lesions of the inferior olive (Shutoh et al., 2006) , but again, motor behavior was not assessed in either of these studies. Sillitoe et al. (2003) reported that BALB/c mice exhibited both ataxia and the degeneration of 'most' (sic) neurons in the inferior olive at 7-11 days following the administration of 50 mg/kg 3-AP (i.p.), although quantitative data were not presented and it is unclear that lesions were limited to the inferior olive. Further, Kotajima et al. (2014) administered this dose of 3-AP (i.p.) followed at 3-3.5 h with 500 mg/kg (i.p.) nicotinamide to C57BL/6 mice to restrict the lesion, and reported that mice could not maintain their balance on the rotorod and exhibited a 50% loss of cells in the inferior olive. In contrast, several studies have indicated that doses of 500 mg/kg 3-AP followed by 500 mg/kg nicotinamide are necessary to lead to degeneration of inferior olivary neurons in C57BL/6 mice (Katoh et al., 1998; Shutoh et al., 2006) suggesting that mice may be less sensitive than rats to the neurotoxic effects of 3-AP, an idea supported by findings more than 60 years ago indicating that mice can metabolize 3-AP to nicotinamide (Kaplan et al., 1954) .
Thus, several unanswered questions remain regarding the behavioral and neurotoxic effects of 3-AP in mice. The goals of the present study were to determine: 1) the effects of 3-AP on rotorod balance and neuronal integrity of several brain regions involved in motor coordination; 2) whether impaired rotorod performance was related to the loss of neurons in a specific brain region; and 3) whether a dose of 3-AP that altered rotorod performance and neuronal integrity also affected spatial and temporal gait parameters.
Materials and methods

Animals and chemicals
Mice (12 BALB/c and 76 C57BL/6) obtained from Jackson Laboratories (Bar Harbor, ME) were 7 weeks of age upon arrival and were housed 4 per cage on a 12 h light:dark cycle (6 am:6 pm) in a pathogen-free vivarium maintained at 21-23 C with 40-50% humidity. Cages (polycarbonate rectangular box, 340 Â 190 Â 130 mm) were lined with Harlan Teklad pelleted paper bedding (Envigo, Madison, WI) and enriched with a polycarbonate domed igloo (100 mm diameter x 60 mm tall). Mice had ad libitum access to both food (Harlan Teklad Global 2018 18% Protein Rodent Diet) and water, and the care and use of animals were approved by the University of South Florida Institutional Animal Care and Use Committee in accordance with the guidelines set forth by the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All procedures were conducted in accordance with ARRIVE guidelines. Mice were acclimated to the vivarium for at least 1 week prior to experimentation, and all behavioral assessments were conducted between 8 am and 1 pm.
All chemicals were obtained from Sigma-Aldrich Co. (St. Louis, MO) unless otherwise noted.
Behavioral assessments
A rotorod (Rotamex 5, Columbus Instruments, Columbus, OH) was used to assess balance and motor coordination. For comparison between strains of mice, a 3 cm diameter spindle rod was used. To reduce variability in baseline performance, mice were familiarized to the procedure by placing them on the rod rotating at 20 rpm for a maximal time of 180 s with 3 trials/day for 3 consecutive days. Baseline performance was determined on days 4 and 7 (with 3 trials/day) using an accelerating paradigm in which mice were placed on the rod rotating at 4 rpm with an acceleration rate of 0.2 revolutions/sec, achieving a speed of 40 rpm during a 180 s trial. Baseline latency for each animal was expressed as the average of the 3 longest times the animal could remain on the rod during both assessment days. The day following baseline determinations, mice received injections (i.p.) of 3-AP [50-75 mg/kg in phosphate-buffered saline (PBS; 7.7 mM Na 2 HPO 4 , 2.7 mM NaH 2 PO 4 in 0.9% NaCl, pH = 7.4)] followed at 3.5 h by nicotinamide (300 mg/kg dissolved in PBS), and were reassessed on the rotorod 9 and 10 days later using the same paradigm and measures as for baseline determinations; control animals received 2 injections of PBS.
For further rotorod studies with C57BL/6 mice, animals were trained for 5 days (4 trials/day) using an accelerated speed paradigm with a 7 cm diameter spindle to prevent passive rotations, thereby increasing the difficulty of the task. For all training days, animals were placed on the rod at rest with the acceleration rate set to 0.1 revolution/s. The maximum rotational speed was set to 5 rpm on day 1, to 10 rpm on days 2 and 3, and to 15 rpm on days 4 and 5. Animals were allowed to remain on the rod for a maximum of 300 s. Baseline performance was measured on days 8 and 9 (4 trials/day with a 180 s maximum) with the rod rotating at a fixed speed of 10 rpm. On day 10, animals received injections (i.p.) of 3-AP (500 mg/kg) followed at 3.5 h by nicotinamide (500 mg/kg), and were reassessed on the rotorod 6 and 7 days later using the same paradigm as for baseline determinations; control animals received 2 injections of PBS. To characterize impairment following training, the percent of trials (from a total of 8) for which each animal was able to remain on the rod for 180 s was determined. Although latency to fall is the most common measure used to assess rotorod performance with decreases characterizing impairment, lesions induced by 3-AP administration produce considerable variability in latency to fall both within trials and across animals, reducing statistical power (Wecker et al., 2013) . Therefore, the present study decreased the variability in performance across trials by training mice to a 180 s criterion prior to impairment and characterizing performance using the percent of trials meeting the 180 s criterion for each mouse. This approach prevented trial-to-trial fluctuations in the latency to fall from distorting the characterization of the typical performance for each mouse and was better able to capture impairment following the administration of 3-AP by reducing variability and increasing statistical power.
Gait was assessed using an automated treadmill system (DigiGait TM Imaging System, Mouse Specifics, Boston, MA). Mice were trained on the treadmill at a speed of 24 cm/s for 5 consecutive days with 1 trial/day for a 1 min duration. On the third day after training, baseline performance was assessed on 2 consecutive days with a 1 min trial per day at a treadmill speed of 24 cm/s. On the day after the second baseline assessment, mice received 2 injections (i.p.) 3.5 h apart of: PBS + PBS; 200 mg/kg 3-AP + 200 mg/kg nicotinamide; 350 mg/kg 3-AP + 350 mg/kg nicotinamide; or 500 mg/kg 3-AP + 500 mg/kg nicotinamide. Gait was reassessed at weekly intervals for 5 weeks. An individual blinded to the group assignment of each animal, isolated and analyzed video clips for each animal containing an uninterrupted sequence of 12-14 strides. Based on findings from studies with rats (Lambert et al., 2014 (Lambert et al., , 2015 , 4 primary spatial factors and their associated variability (stride length, stance width, paw angle, paw area at peak stance), and 3 primary temporal factors (propulsion, braking and swing time durations), as well as the maximal rate of change of paw area in contact with the treadmill during the braking phase were determined using DigiGait TM Imaging software (version 12.2) as described (Lambert et al., 2014) . Parameters were determined for both hindpaws and forepaws. Further, analyses using paired t-tests revealed that the left and right limbs did not differ significantly (p > 0.05) on any measure; therefore, left and right limb measurements were combined for both the forelimbs and the hindlimbs.
Histological analyses
The neuronal marker NeuN was used to determine whether the administration of 3-AP affected the number of neurons in the inferior olive, striatum, hippocampus, motor cortex or pedunculopontine nucleus, brain regions implicated in gait and balance recovery following motor impairment (Holschneider et al., 2013) . Studies have demonstrated that NeuN is expressed in the inferior olive in adult mice (Fu and Watson, 2012; Yu et al., 2014) and can be used as a measure of neuronal survival, supported by evidence that the number of NeuN(+) neurons is inversely correlated with the number of Fluoro-Jade labeled dying cells in the inferior olive following 3-AP administration (Sierra et al., 2003) .
Brains from mice that were trained and baseline assessed on the rotorod prior to the administration (i.p.) of 3-AP (500 mg/kg) followed at 3.5 h by nicotinamide (500 mg/kg), and assessed on the rotorod on days 6 and 7 following toxin administration were analyzed. On days 8 or 9, mice were anesthetized with 325 mg/kg pentobarbital (i.p.; Euthasol 1 , Virbac AH, Fort Worth, TX) and perfused transcardially with filtered normal saline, followed by filtered perfusion solution (0.1 M sodium phosphate buffer containing 4% paraformaldehyde and 4% sucrose; pH = 7.2-7.4). Mice were decapitated and the heads stored in this solution in the fume hood overnight at room temperature. Following fixation, whole brains were removed and cryoprotected in filtered PBS containing 10%, 20%, or 30% sucrose over 3 days, respectively. Brains were embedded in gelatin containing 10% sucrose, and placed in 4% paraformaldehyde (in filtered PBS) for 4 h. Gelatinembedded brains were stored in 30% sucrose (in filtered PBS) at 4 C until samples were saturated. Gelatin blocks were frozen on dry ice and brains were sectioned (40 mm) in the coronal plane.
Sections were stored in cryoprotectant at À20 C until processed for immunohistochemistry.
Free-floating slices were washed to remove cryoprotectant, incubated in borate buffer (pH = 8.0) for 30 min in a water bath at 80 C, and rewashed and incubated in PBS containing 3% H 2 O 2 for 20 min at room temperature. All washes were in PBS for 5 min on an orbital shaker with gentle rotation, and were repeated 5 times. Sections were subsequently incubated in PBS containing 10% normal goat serum and 0.3% Triton X-100 for 60 min at room temperature followed by washing. Sections were incubated overnight at 4 C with anti-NeuN antibody (clone EPR12763, 1:5000; ab177487, Abcam, Inc., Cambridge, MA) in PBS containing 3% normal goat serum and 0.1% Triton X-100. After washing, sections were incubated for 60 min at room temperature in PBS containing 3% normal goat serum, 0.1% Triton X-100, and biotinylated goat anti-rabbit antibody (1:300; BA-1000, Vector Laboratories, Inc., Burlingame, CA). The Vectastain Elite ABC kit (Vector Laboratories, Inc.), and SIGMAFAST TM 3, 3 0 -diaminobenzidine tablets were used to visualize NeuN(+) cells according to manufacturer's instructions. Sections were mounted, dried overnight, and rehydrated immediately prior to counterstaining with Vector 1 Hematoxylin QS (Vector Laboratories, Inc.). Following counterstaining, mounted sections were dehydrated and cover slipped. Slices were imaged using a Leica DM2500 (Leica Microsystems, Buffalo Grove, IL) and the number of NeuN(+) neurons from one hemisphere were quantified using Fiji (Schindelin et al., 2012) . For the inferior olivary complex, images were obtained at 100Â magnification from every third coronal section between À6.76 to À7.96 mm anterior:posterior (A:P) relative to bregma; the entire olive was captured on each section at this magnification. All images were converted to black and white (binary) and "watershed" segmentation was used to separate groups of particles. The 3 major nuclei comprising the inferior olive (medial, principal, and dorsal) and their neuronal subgroups were outlined as defined for C57BL/ 6J mice (Paxinos and Franklin, 2004) , and automated particle quantification was used to include cells in the size range 60-160 mm 2 with a circularity of 0.2-1.0. This procedure was validated by comparing the automated results to those counted manually by an observer blinded to the treatment groups using 42 sections from 3 brain regions. Statistical comparison using Cronbach's a indicated that the automated and manual counting procedures produced nearly identical results (a = 0.999).
For the striatum, motor cortex and pedunculopontine nucleus, images were captured at 200Â magnification. For striatum, representative images were obtained from the dorsomedial, dorsolateral, and ventrolateral striatum using a coronal section +0.75 mm (A:P) relative to bregma. For the motor cortex, images from layers 1, 2/3, 5, 6a and 6b were obtained using a coronal section +0.95 mm (A:P) relative to bregma. For the pedunculopontine nucleus, images were obtained from a coronal section À4.28 mm (A:P) relative to bregma. All images were converted to black and white, "watershed" segmentation was used to separate groups of particles, and automated particle quantification was used to include cells with an area !72.5 mm 2 (250 pixels) and a circularity of 0.2-1.0.
For the hippocampus, images of CA1, CA3 and the dentate gyrus were captured at 400Â magnification due to high cell density. NeuN(+) neurons in each of these regions were analyzed from a coronal section +2.26 mm (A:P) relative to bregma. Despite the high magnification, automated particle quantification could not differentiate between individual cells. Therefore, an individual blinded to the group assignment of each animal manually counted the number of NeuN(+) neurons.
Statistical analyses
All statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc., San Diego, CA). Significant differences between mouse strains were determined using a two-way analysis of variance (ANOVA) (strain x treatment), and individual group differences determined by the Student t-test. To determine whether 500 mg/kg 3-AP affected balance, data were analyzed by a one-way ANOVA, and individual group differences determined by Tukey's multiple comparisons. Cell counts from control and 3-AP-injected animals were compared using the Student t-test. Relationships between cell counts in subregions of the inferior olive and latency to fall off the rotorod were assessed using Spearman's rho (r). Gait parameters were analyzed by a two-way ANOVA (time x treatment) and Dunnett's test was used to determine significance for alterations across time. In those instances where a significant interaction was present, differences between control and toxin-impaired animals were determined using Fisher's Least Significant Difference (LSD) test. The criterion for significance was p < 0.05 for all comparisons.
Results
Comparison of BALB/c and C57BL/6 mice
Studies in the literature suggest that the dose of 3-AP required to affect balance may differ for different mouse strains. Thus, initial experiments compared the effects of 3-AP on rotorod performance of BALB/c and C57BL/6 mice. These studies used 50 mg/kg 3-AP followed by nicotinamide, which has been reported to impair rotorod performance in C57BL/6 mice (Kotajima et al., 2014) , and 70-75 mg/kg followed by nicotinamide, a dose reported to impair rotorod performance in rats (Lambert et al., 2014; Wecker et al., 2013) . Only animals who would remain on the rod during familiarization were used for study (8/12 BALB/c and 12/12 C57BL/6 mice). As shown in Fig. 1 , performance of BALB/c and C57BL/6 mice differed significantly (p < 0.05) at baseline with average latencies for the former of 98.3 AE 4.3 s, and those for the latter of 134 AE 8.3 s, 36% longer than the BALB/c mice. Results also indicate that neither dose of 3-AP affected the ability of mice to maintain balance on the rotorod when assessed at 9 and 10 days following toxin administration. Thus, doses of 3-AP that lead to impaired motor behavior in rats do not affect either BALB/c or C57BL/6 mice. Irrespective of this lack of effect of 3-AP, results also indicate that latency on the rotorod differs significantly between these mouse strains [F(1,30) = 24.96, p < 0.05] with C57BL/6 mice remaining on the rod longer than BALB/c mice. Because C57BL/6 mice performed better than BALB/c mice, they were chosen for further study.
Effects of 3-AP on balance of C57BL/6 mice
Based on studies indicating that a relatively high dose of 3-AP (500 mg/kg 3-AP followed by 500 mg/kg nicotinamide) is necessary to damage neurons in the inferior olive of mice (Katoh et al., 1998; Shutoh et al., 2006) , rotorod performance was assessed using these doses. For this experiment, mice were trained for 5 days to reach maximal performance, baseline determined, and performance reassessed 1 week following toxin administration. Only those mice who could maintain their balance on the rod for 180 s for 5 of the 8 trials at baseline were used for study (14/20 mice). Results (Fig. 2) indicate that 500 mg/kg 3-AP followed by Fig. 1 . Comparison of rotorod performance of BALB/c and C57BL/6 mice prior to and following the administration of 3-AP. Mice from each strain were familiarized to the rotorod for 3 days (using a 3 cm spindle at a fixed speed of 14 rpm, 3 trials/day, 180 s maximum/trial). Baseline measures (3 trials/day separated by a minimum of 5 min between trials) were obtained on days 4 and 7 using an accelerating paradigm during which the speed of the rod increased from 4 to 40 rpm in 180 s (at a rate of 0.2 revolutions/s). On day 8, animals received 2 injections (i.p.) 3.5 h apart of: PBS + PBS (Controls); 50 mg/kg 3-AP + 300 mg/kg nicotinamide; or 70-75 mg/kg 3-AP + 300 mg/kg nicotinamide. Mice were reassessed on the rotorod at 9 and 10 days following toxin administration using the same accelerating paradigm as for the baseline measures. The average latency to remain on the rotorod was determined for each animal using the 3 longest times from the 6 trials. Bars represent the mean + s.e.m.; the number of animals in each group is in parentheses. *Significantly (p < 0.05) different from corresponding values manifest by BALB/c mice. (7) (7) Fig. 2 . Effects of 3-AP on rotorod performance of C57BL/6 mice. Mice were trained on the rotorod for 5 days (4 trials/day; 300 s maximum/trial) using an accelerating speed paradigm with a 7 cm diameter spindle to prevent passive rotations. For training, animals were placed on the rod at rest, and the acceleration rate was set to 0.1 revolution/s with a maximum rotational speed set to 5 rpm on day 1, to 10 rpm on days 2 and 3, and to 15 rpm on days 4 and 5. Baseline performance was measured (4 trials/day; 180 s maximum/trial with a minimum of 5 min between trials) on days 8 and 9 with the rod rotating at a fixed speed of 10 rpm. On day 10, animals received 2 injections (i.p.) 3.5 h apart of PBS + PBS (Controls) or 500 mg/kg 3-AP + 500 mg/kg nicotinamide, and were reassessed on the rotorod 6 and 7 days later using the same paradigm as for baseline determinations. The percent of trials (from a total of 8) for which each animal was able to remain on the rod for 180 s was determined. Bars represent the mean + s.e.m.; the number of animals in each group is in parentheses. *Significantly (p < 0.05) different from baseline values. 500 mg/kg nicotinamide at 3.5 h led to a significant 27% decrease in the% of trials completed by mice, i.e., the number of trials (out of 8) for which mice remained on the rod for 180 s [F(2,25) = 11.48, p < 0.05]. Further, a chi-square analysis of the performance of toxin-injected mice on days 6 or 7 post 3-AP indicated no differences in the frequency of completed trials between the first, second, third or fourth trial [x 2 (3) = 0.377, p > 0.05], evidence that the toxin-induced impairment was not a result of increased fatigue. Thus, the rotorod performance of C57BL/6 mice was significantly impaired following a dose of 3-AP more than 6.5 times the dose necessary to impair rotorod performance in rats (Wecker et al., 2013) .
Histochemical analyses
The number of NeuN(+) cells in the striatum (dorsomedial, dorsolateral and ventrolateral), pedunculopontine nucleus, hippocampus (CA1, CA3, and dentate gyrus), and motor cortex (layers 1, 2/3, 5, 6a and 6b) from C57BL/6 mice who received 500 mg/kg 3-AP + 500 mg/kg nicotinamide and were assessed for rotorod Brains obtained from mice assessed for rotorod performance following the administration of 500 mg/kg 3-AP + 500 mg/kg nicotinamide were processed for NeuN immunohistochemistry. The number of NeuN(+) cells in representative samples from each region were analyzed and quantified as described in the methods. Values represent means of determinations in samples from 6 to 8 mice/ group AE s.e.m. Fig. 3 . Subregions of the inferior olive in sections from control mice. Representative sections outlined in white from À6.76 to À7.96 A:P mm relative to bregma from a control mouse are shown and labeled as per the nomenclature of Paxinos and Franklin (2004) . Sections were processed for NeuN(+) immunohistochemistry using a monoclonal antiNeuN antibody as described in the Methods.
performance did not differ from controls (Table 1) . In contrast, the number of NeuN(+) cells in several subregions within the inferior olive were altered by the toxin. Representative sections from a control mouse with subregions outlined are shown in Fig. 3 . The subregions in which significant (p < 0.05) differences in NeuN staining between control and toxin-injected mice (Table 2) included the rostral medial nucleus (14% and 26% decreases at depths of À6.76 and À7.00 mm, respectively), dorsomedial cell column (a 76% decrease at a depth of À7.00 mm), cap of Kooy (57% and 72% decreases at depths of À7.36 and À7.60 mm, respectively), ventrolateral protrusion (a 52% decrease at a depth of À7.36 mm), and subnucleus B (an 18% increase at a depth of À7.96 mm).
Representative sections from a control and a toxin-injected mouse and bar graphs depicting changes in the number of neurons in regions from toxin-injected animals relative to controls are shown in Fig. 4 . To ascertain whether the number of cells in these regions was related to rotorod performance, a correlational analysis was performed between NeuN(+) cell counts and the latency to fall off the rotorod using data from all animals. Significant (p < 0.05) relationships were observed between neurons in the rostral medial nucleus at section depths of À6.76 and À7.00 mm (r = 0.50 and 0.53, respectively), the ventrolateral protrusion at a depth of À7.36 mm (r = 0.57), and the cap of Kooy at a depth of À7.60 mm (r = 0.54); no significant relationships were noted between the number of NeuN(+) cells in either the dorsomedial cell column at a depth of À7.00 (r = 0.41) or in subnucleus B at a depth of À7.96 mm (r = À0.53).
Effects of 3-AP on gait of C57BL/6 mice
An automated treadmill system was used to determine whether the administration of 3-AP affected spatial or temporal gait parameters. Experiments investigated the effects of 200, 350 and 500 mg/kg 3-AP followed by corresponding doses of nicotinamide; only mice capable of completing 12-14 uninterrupted strides at baseline were used for study (38/44) . Mice who received the two lower doses of 3-AP followed by nicotinamide did not exhibit any significant alterations in any gait parameter. In contrast, the administration of 500 mg/kg 3-AP (followed by 500 mg/kg nicotinamide), which led to the loss of NeuN(+) cells in several subregions within the inferior olive, led to significant changes in both spatial and temporal parameters. Spatial gait parameters are shown in Fig. 5 . For hindpaw stride length, a two-way ANOVA indicated a significant interaction between treatment and time [F(5140) = 3.993, p < 0.05] with controls exhibiting significant (p < 0.05) 5-6% increases at weeks 3-5; stride length did not change significantly over time for toxin-injected animals. In addition, there were no significant differences in stride length between groups. Hindpaw stride length variability decreased throughout the 5 weeks for both groups, but this decrease was not statistically significant and no differences were noted between groups. Hindpaw stance width increased significantly over time for control and 3-AP-injected mice [F(5140) = 9.133, p < 0.05], with a significant (p <0.05) 8% increase at weeks 4 and 5 for controls, and significant (p < 0.05) 10-14% increases at weeks 1-5 for toxininjected mice; no significant differences were apparent between groups. Further, hindpaw stance width variability was irregular and did not differ between groups. Hindpaw angle was very stable across 5 weeks for the controls, whereas the administration of 3-AP led to a significant [F(5140) = 9.713, p < 0.05] 33-44% increase relative to baseline, and paw angle manifest by toxin-injected mice was significantly (p < 0.05) different from controls at all times after baseline. Similarly, hindpaw angle variability manifest by the controls did not change over time, but increased significantly [F(5140) = 2.838, p < 0.05] by 26-51% following the administration of 3-AP. The maximal hindpaw area at peak stance increased significantly over time by 8-14% at weeks 2-5 for the controls [F(5140) = 3.696, p < 0.05]. In contrast, the maximal hindpaw area at peak stance for toxin-injected mice exhibited significant (p < 0.05) 6-8% decreases at weeks 1, 3 and 4. All hindpaw areas at peak stance for toxin-injected mice were significantly (p < 0.05) less than the controls at all times following baseline. Hindpaw area variability for the controls did not change significantly over time, whereas variability for 3-AP-injected mice increased significantly [F(5140) = 4.306, p < 0.05] by 25-34% beginning 2 weeks post toxin administration.
The effects of 3-AP on hindpaw temporal gait parameters are shown in Fig. 6 . Hindpaw propulsion, which represents the major component of stance time, was significantly altered over time for both control and toxin-injected mice, albeit in opposite directions [F(5140) = 6.795, p < 0.05]. Propulsion manifest by the controls increased significantly (p < 0.05) by approximately 10% at weeks 3-5, whereas propulsion manifest by 3-AP-injected mice decreased significantly (p < 0.05) by 5% at weeks 2 and 4. Further, propulsion at weeks 3-5 differed significantly (p < 0.05) between groups. There was a significant time effect for hindpaw swing [F(5140) = 3.870, p < 0.05) with controls exhibiting a significant (p < 0.05) 9% increase at week 5, and toxin-injected mice exhibiting significant (p < 0.05) 8-14% increases at all times after baseline. Hindpaw braking decreased significantly over time for the controls [F(5140) = 5.357, p < 0.05] with significant (p < 0.05) 10-12% decreases at weeks 3-5; toxin-injected mice did not exhibit any significant alterations in hindpaw braking relative to baseline, but there was a significant (p < 0.05) difference in brake Brains obtained from mice assessed for rotorod performance following the administration of 500 mg/kg 3-AP + 500 mg/kg nicotinamide were processed for NeuN immunohistochemistry. The number of NeuN(+) cells in the major nuclei comprising the inferior olive (medial, principal, and dorsal) and their neuronal subgroups were quantified using Fiji (Schindelin et al., 2012) . Values represent means of determinations from samples from 4 to 8 mice/group AE s.e.m. The asterisks denote significant (p < 0.05) differences from controls determined by the Student t-test.
time between toxin-injected mice and controls at 2 weeks. The maximal rate of change of paw contact with the treadmill during the braking phase, commonly referred to as limb loading maximum, was significantly altered in both groups of mice over time [F(5140) = 6.314, p < 0.05]. Controls exhibited significant (p < 0.05) 10-15% increases at weeks 2-5, whereas toxin-injected mice exhibited significant (p < 0.05) 8-16% decreases beginning at week 1 after toxin injection. Further, the limb loading maximum was significantly (p < 0.05) different between the controls and toxin-injected mice at all times after baseline. No significant changes were noted for either temporal or spatial forepaw gait parameters.
Discussion
The goals of this study were to determine the effects of 3-AP on balance and neuronal integrity of several brain regions involved in motor coordination in mice, determine whether impaired balance was related to the loss of neurons in a specific brain region, and characterize the effects of the toxin on gait. Results indicate that Fig. 4 . Effects of 3-AP on NeuN(+) immunohistochemistry in subregions of the inferior olive. Brains from control and toxin-injected mice (500 mg/kg 3-AP) were obtained 1-2 days following assessment of rotorod performance (see Fig. 2 legend) , and sections were processed for NeuN(+) immunohistochemistry using a monoclonal anti-NeuN antibody. Representative sections from control and toxin-injected animals are shown for those subregions demonstrating significant (p < 0.05) differences between groups, with group means from toxin-injected animals expressed as% change from controls depicted in the bar graphs. NeuN(+) cell counts in each subregion from the inferior olive are presented in Table 2 . the administration of 3-AP to C57BL/6 mice led to deficits in both rotorod performance and gait that were similar to, but of a smaller magnitude than those reported for rats at a dose that was 6.5 times greater than that used for rats. In addition, this dose of 3-AP led to a significant (p < 0.05) loss of NeuN(+) neurons in the rostral medial nucleus, dorsomedial cell column, ventrolateral protrusion, and cap of Kooy, with cell number in the rostral medial nucleus, ventrolateral protrusion and cap of Kooy, but not the dorsomedial cell column, correlated with the ability to maintain balance on the rotorod. Although the original goal of this study was to extend findings that a relatively low dose of 3-AP (50 mg/kg) led to ataxia and lesions in BALB/c mice (Sillitoe et al., 2003) , we could not detect alterations in rotorod performance using this dose of 3-AP, either alone (data not shown) or followed by nicotinamide. In addition, based on evidence that this dose of 3-AP led to total impairment of rotorod performance and a loss of cells in the inferior olive in C57BL/6 mice (Kotajima et al., 2014) , we began using this strain of mice, but again, could not detect any alterations in rotorod performance. Thus, although the initial intent of these studies was not to compare mouse strains, results underscore differences in baseline rotorod behavior between C57BL/6 and BALB/c mice. The finding that C57BL/6 mice were better able to maintain their balance on the rod than BALB/c mice is supported by studies indicating that the former are also better than many other inbred strains on this task including C3HeB/FeJ, DBA/2J and 129/SnlmJ mice (Tarantino et al., 2000) and A/J, BALC/cByJ, C3H/HeJ, CBA/J, DBA/2J and FVB/NJ mice (McFadyen et al., 2003) . This knowledge is critical for the design and interpretation of any study investigating motor behavior in mice.
Evidence that a dose of 500 mg/kg 3-AP impaired the balance of C57BL/6 mice on the rotorod and led to lesions within the inferior olive extends findings of others reporting that this dose of 3-AP led to a 35% loss of neurons in the medial nuclei cell groups in the vicinity of the cap of Kooy (Katoh et al., 1998; Shutoh et al., 2006) . The present study demonstrated a loss of cells in the rostral medial nucleus, dorsomedial cell column, cap of Kooy and ventrolateral protrusion. These regions are involved with limb movement and the integration of vestibular and optokinetic information (Leonard et al., 1988; Barmack et al., 1993; Kaufman, 1996; DeZeeuw et al., 1998; Cerminara and Apps, 2011; Lee et al., 2014) . Not surprisingly, with the exception of the dorsomedial cell column, a reduction in cell number in these regions was associated with reduced performance on the rotorod. These findings do not agree with the report of a 50% loss of cells in the inferior olive and a total loss of balance following the administration of 50 mg/kg 3-AP (Kotajima et al., 2014) . Further, additional experiments (data not shown) assessed rotorod performance of C57BL6 mice after the administration of 100-150 mg/kg 3-AP followed 3 h later by harmaline (15 mg/kg) to increase blood flow or followed by harmaline and nicotinamide (300 mg/kg) 90 min later; however, neither regimen affected rotorod performance. It is difficult to reconcile these findings with either those in the present study or others in the literature indicating that much higher doses of 3-AP are needed to cause neuronal loss in the brain of mice (Caddy and Vozeh, 1997; Katoh et al., 1998; Shutoh et al., 2006) . Perhaps an error was made in either calculating or reporting the dose of 3-AP used (Kotajima et al., 2014) . It is also possible that the behavioral paradigm used may be responsible for the divergent results. Kotajima at al. (2014) habituated mice to the rotorod for 120 s before testing acquisition of the task, implying that motor learning may have been involved in determining performance and that the lower dose of 3-AP impaired such. In contrast, for the current study, mice were trained extensively prior to toxin administration and mice who could not meet a defined criterion were not included for further study; thus, no learning was involved in performance. In addition to alterations in rotorod performance, 3-AP also led to both spatial and temporal gait changes in mice. This is the first study to report gait alterations in mice as a consequence of 3-APinduced lesions of the inferior olive. In general, although changes in gait in mice following the administration of 3-AP paralleled those observed in rats with significant increases in stance width and paw angle and decreases in paw area at peak stance and propulsion, the magnitude of these changes was much less in mice than rats, despite the administration of a higher dose (Lambert et al., 2014) . These results underscore differences in the sensitivity of rats and mice to the neurotoxic effects of 3-AP, even though both species exhibit lesions of the inferior olive following administration of the toxin.
A noteworthy difference between gait measurements in rats and mice following administration of 3-AP is that rats exhibit a 12% decrease in swing duration (Lambert et al., 2014 (Lambert et al., , 2015 while mice exhibit a 15% increase in swing duration. Control rats and mice both exhibit increased swing over time, likely reflecting the increased stride length that occurs with experience on the treadmill. Although the decreased swing manifest by toxininjected rats is accompanied by decreased stride length, this is not true for toxin-injected mice who exhibit increased swing and no changes in stride length. These findings suggest that rats adapt differently than mice to the effects of 3-AP. Further experiments investigating possible relationships between gait impairment and lesion location will determine whether gait and balance deficits are mediated via the same circuitry or cerebellar modules in rats and mice (Cerminara and Apps, 2011) .
